The squats is one typical defect of rolling contact fatigue(RCF) in railway, emerging from the rail surface and propagating under external load, which is defined as one major danger source of rail. Eddy current pulsed thermography (ECPT), which combines the eddy current and thermography testing, is studied to inspect the squats through simulation and experimental way. One 3D finite element method (FEM) is designed to simulate the squats based on ECPT. And then the experimental verification and features extraction processing have been carried out. The results show that ECPT can be used to quantify the squats in railway.
Introduction
In 1970, a type of rolling conact fatigue (RCF) crack was named as squat by the British Railways [1] , which was neglected and later classified as one major danger source of crack. The squats occur on the surface of the track and may lead to track break in severe cases. Therefore, it is necessary to make predictive judgments of squats.
Non-destructive testing(NDT) methods used to detect include some acoustic, optics, electromagnetic method. Ultrasonic testing is the most common technique in acoustics. However, because the squat is close to the surface, which is located in the dead zone of ultrasound detection, it may cause misdetection and missed check, so ultrasonic detection is not suitable for detection of squats; Eddy current technology can detect small cracks though temperature field. Pulse eddy current technology(ECPT) and thermal imaging technology will be combined to detect squats. Then through temperature field received by infrared thermal camera, the location and depth of defects could be estimated approximately.
Daren Peng [2] uses the lock-in thermal technique with the 2HZ excitation source to detect micro cracks, the response signals at the defects field and no defects field are compared, but it was difficult to detect the size of the cracks only by the lock-in thermal technique. The rich feature of frequency of pulse excitation eddy currents components is used to put forward a spectral amplitude method [3] . Principal component analysis(PCA) is used to bring forward that the subsurface crack depth has an exponential relationship with the spectral amplitude. PCA and independent component analysis (ICA) are compared to verify these conclusions [4] : the parameters of artificial defects and natural defects can be extracted. The peak value also could be used for the index of open cracks. However, analysis of any specific cracks is barely mentioned.
Therefore, this article focuses on the thermal imaging characteristics of this specific crack---squats. it is organized as follows: Part I, The formation process of squats and principles of ECPT; Part II, Simulation and data analysis; Part III , Experimental platform setup and data processing; Part IV: Brief conclusions.
Method

The formation process of squats
During the running of the train, the force analysis of the contact between wheels and rails is shown in Fig. 1 . There is a great longitudinal and lateral stress in the wheel-rail contact area. Therefore, the rail surface is very prone to cracking, and when the longitudinal force exceeds a certain value, cracks in another direction are initiated along the front of the contact area. Under the cyclic stress of the wheel and rail, the cracks will continue to expand along the original direction, eventually resulting in crossover. Then they extend 2~3mm [5] to the inside of the rail head with 20~30 degree,which is similar to the angle crack at this time. The cracks further expand, and it may turn into the direction of the parallel rail surface or continue to expand inside, forming a crack as shown in Fig. 2(a) [10] , it's a crack like L shape, and this state may causes the rail surface depression (as shown in Fig.2(a) .), or eventually cause the fracture of rail at the worst case [6] . Fig. 2(b) is a cross view of a rail squat, which is used to further understand the formation of squats. The first stage is the formation of angle cracks, and the second stage, it will develop into a L-type cracks or deeper oblique cracks under the periodic contact force. One 3-D finite element models are established to show two stages of development which is from angle crack (Figure 2(c) ) to the L-shaped crack( Fig. 2(d) ) ,and these two models are compared and analyzed. Fig. 3 is a schematic diagram of eddy current pulsed thermography. When an alternating current(AC) excitation source is applied to excite the coil, magnetic induction line are induced around the wire according to the principle of electromagnetic induction. When the inductive line passes through the surface of the conductor, eddy current is formed on the surface of the conductor. The current produces Joule heating. When there is a crack on the surface or subsurface of the material, it disturbs the eddy current and the Joule heat distribution [7] . This disturbance is received by the infrared thermal camera.
Principle of ECPT
Fig.3. Experimental schematic
When the pulse eddy current excitation is a rectangular wave. As shown in equation (1), the excitation can be expressed as [8] :
After the signal is transformed by Fourier transform equation, the resulting wave can be expressed like this:
Therefore, the rectangular wave can be decomposed into a superposition of many frequency signals in the frequency domain, and different depths of cracks respond differently to waves of these frequencies. Based on that, the pulsed eddy current can detect cracks of different depths in a large area simultaneously [9] .
In a stable system, the heat transfer in an infinite area can be described as follows:
Convection heat in conductors: T the ambient temperature. Thesis rigorously discusses the relationship between the defect depth and the skin depth of the material, qualitatively gives the detectable depth of the eddy current detection of different materials, according to Joule's law. Due to the internal resistance of the material, the generated thermal power is:
This is the process of the temperature field that will be analyzed.
Analysis of simulation
Simulation setup
The models as shown in Figure 2 (c), (d) are established using COMSOL 5.2 , the material parameters are shown in Table 1 . The tested sample is considered as 80mm × 40mm × 20mm . A cylindrical wire was placed with a radius of 3.5 mm, a length of 80 mm, and a wire lift of 4 mm, in the direction of vertical cracks. The coordinates of the two models are exactly the same, both angle of the crack and the rail surface are 20 degree, the length of the angle crack is set to 1.7 mm, the transverse length in the L crack is 2.7 mm, and the depth value of 0.6 mm.
The simulation process is divided into heating stage and cooling stage. The excitation current is 350 A, the frequency is 250 KHz, 200 ms heating time and 1000 ms cooling time are set, and the step length is 5 ms, which means that the collection frequency is 200 Hz. Fig.4 (a) is a typical thermal image for angle crack [10] , which shows the spatial thermal characteristics of the angle crack. Fig. 4(b) depicts crack surface heat distribution image of L-type crack and angle crack , whose size are consistent with Fig. 2 . Compared with Fig. 4(a) , it can be observed that the temperature of the L-type crack tip is higher than that of the same-size angle crack, the temperature difference in the simulation reaches 20 degC. At the same time, the L-shaped crack has a larger area and higher temperature area on the side of the defect. Figure 4(c)(d) shows that the heat is diffused except the tip during the cooling phase, and the temperature of L-type crack drops slowly during the cooling process.The reason is that there is a transverse crack parallel to the excitation surface in the L crack. This transverse part of the defect blocks the heat transfer from the surface in the cooling stage, so that heat flux is limited to this bounded area. Therefore, the higher temperature occurs at the corner region of the angled slot and area of transverse crack. Thus, the defect can be identified from a characteristic heat distribution in the thermal image/video captured by an infrared camera. 
. Simulation results of surface heat distribution of angle crack and L crack
A line located below the wire and in the vertical crack direction was extracted for analysis. Fig. 5(a) shows the temperature profile of the two lines respectively. Fig.5(b) shows the differential temperature between the L and the angle cracks. It can be seen that the surface temperature near the L crack are all higher than the oblique cracks. Compared with Fig.3 , conclusions could be drawn as follows: The heat has not been transferred to the transverse region at the time of 200ms, but the existence of lateral regions makes that the accumulated heat at the L tip is higher than the oblique cracks, and the heat around the transverse cracks is formed by thermal diffusion during cooling stage.
In the cooling stage of 400~500 ms, the temperature at the tip falls rapidly, but the overall temperature in the large crack region remains high, and the gradient of the temperature distribution shows a slowly changing trend, which further validates the above conclusion. 
Fig. 5. Comparison between L crack and oblique crack
In this manner, the heating pattern for an angled defect with L shape, which includes high temperatures at the slot side and low temperatures at the opposing side with a maximum temperature at the slot corner. Further more， thermal gradients at L crack area keep small value, which can be used to index the L crack's shape. Fig.6 is temperature distribution of angle crack and L crack at 200ms, isothermal closed curves divides the temperature field. Fig. 6 (b) shows that the high temperature area of the L crack area is bigger than the oblique crack's. The density of the isothermal line changes at -2mm. This position happens to be the corner of the L crack. Therefore, the center of the defect can be resolved by the gradient, which provides the basis for the analysis of the image characteristics and position of the later stage.
Isotherm analysis methods and results
The gradient formula is:
Formulas written in vector form can be expressed as:
It can be seen from Fig. 6 that the temperature distribution of L-crack in region A is similar to those in angle crack. In L crack model, along the crack direction, the gradient of the temperature curve changes, and the constant temperature tends to be stretched in the crack propagation direction. The temperature continues to drop until it is the same temperature as the non-defective area.
Angular crack contour image
L-crack contour image 
Experiment Setup
As shown in Fig.7 , the experimental system consists of an infrared camera, an induction heating device, a PC, and matching image acquisition software.
In this experiment, the excitation signal generated by the induction heater (Easyheat 224 from Cheltenham Induction Heating) had the frequency of 200 kHz and the current of 350 Arms. The IR camera (FLIR SC655sc) had an uncooled detector with the maximum frame size of 640×120 pixels on a 7.5-14.0 mm sensor with the sensitivity of ≤50 mK. The infrared camera frame rate is 200 fps, the heating time is 0~200 ms, the recording system has a 200 ms delay, and the total recording time is 2 seconds. The above experimental parameters are consistent with the simulation parameters. In the experiment, oblique cracks and L cracks were processed on a test piece, and the sample was heated with a long straight wire to facilitate simultaneous observation. 
Experiment of L crack and oblique crack
The observation angle and area of the thermal imager are adjusted to cover the upper surface and side areas of sample, which helps to observe the surface heating and thermal diffusion process at the same time, the thermal diffusion process inside the crack can also be indirectly observed through the side Image observation. As shown in Fig. 8 , the time corresponding to (a), (b) is in the heating phase, and (c) (d) is in the cooling phase.
It can be seen that during the heating process, the Joule heat generated by the thermal energy is affected by the angle cracks, high temperature areas are concentrated near the tip of the two cracks, the defect side shows a high temperature distribution, non-crack side temperature is low, which are consistent with the simulation results .
From the side view, as is shown in Fig. 8(b) , it can be observed that the temperature of inside is relatively different from the surface in the heating stage, which helps to clearly observed distribution and expansion of the crack. This is mainly due to the diffusion of heat to the lateral end regions. Following Fourier's thermal law, L crack has a lower temperature at the distal end of the crack and is less affected.
In the cooling phase, heat conduction is the main role. Thermal energy from the high temperature region and the crack tip region of the surface diffuses into the inside of the tested block, and the shape of the crack is further clearly seen through the side view. Similar to the analysis in the simulation part, the side part of the crack prevents the thermal energy from further diffusing to the inside, accumulating in the side wall area and forms a high temperature distribution, it improves the visibility of the boundary profile of the crack. Compared with the angle crack and L crack, the heat loss of the angle crack during the cooling period is very fast, and the temperature of the L crack region is generally high. This conclusion is completely consistent with the simulation. 
Fig.8. thermal image for top view and side view with artificial defect block
The change of the temperature of the two cracks' tip was extracted, and the temperature transient curve is shown in Fig.9 . According to the basic working principle of the electromagnetic eddy thermal imaging, the angle cracks and Lcrack are exactly the same in the heating stage of the crack, and the influence on the surface vortex distribution tends to be consistent. Therefore, in the initial heating stage, the temperature field distribution is mainly affected by the eddy current distribution. The temperature trend of the two cracks is basically the same. 
Experiment of real nature squat crack in rail head
As is shown in Figure 10(a) , crack1~2, crack2 is very close to crack1, its thermal imaging may be affected by crack1, as shown in Figure 10(b) , it is a crack profile. Long straight wire heating is still used to heat the tested block, heating period is 200ms. As Fig. 11(a) shown, the thermal images extracted at 200ms and 400ms. The spatial thermal features as higher temperature at angular crack side is observed, which keeps the same as the simuliation results. At cooling stage of 400ms, the shape of real crack can be defined through the high temperature boundary. Fig. 11 (b) provides spatial temperature distribution using the line scan result along the excitation coil, the big temperature gradient appears at the crack tip and crack boundary. Meanwhile, one small vertical crack also be oobserved at position 350.
The oblique and vertical cracks are identified by the thermal features shown though Figure 11 (c). It can also be verified that the smaller the crack angle is, the more heat accumulated at the crack tip. These two different thermal characteristics reflect the judgment of different crack types. 
Conclusion
In this paper, according to the typical formation process of the squat in the rail fatigue defect, the squat is divided into two stages: angle crack and L crack. The Finite element model(FEM) model of the squats is established based on the difference of angle crack and L crack. Through the relevant simulation and experimental work, the following conclusions can be drawn:
(1) Comparing the simulation results with the experimental results, it shows that the L-shaped crack defect model can effectively be used to simulate the form of squats in rail.
(2) Through the analysis, the intrinsic relationship between the geometry of the squat and the distribution of the surface temperature field over time is studied. The lateral region effectively blocks the heat diffusion, making the overall temperature of the L crack higher; the lateral region of squat has almost no heat accumulation in the induction heating stage, and the heat is mainly caused by heat conduction.
(3) The development stage of crack can be identified by the thermal imaging and the spatial temperature distribution characteristics. That means the approximate crack shape at this time can be judged. In further work, the rail occultation will be studied to determine the crack shape, The problem of reconstructing and quantifying the combination of flaws in rails are expected to be resolved.
